Non-homologous end joining (NHEJ) repairs DNA double strand breaks in non-cycling eukaryotic cells. NHEJ relies on polynucleotide kinase/phosphatase (PNKP), which generates 5 -phosphate/3 -hydroxyl DNA termini that are critical for ligation by the NHEJ DNA ligase, LigIV. PNKP and LigIV require the NHEJ scaffolding protein, XRCC4. The PNKP FHA domain binds to the CK2-phosphorylated XRCC4 C-terminal tail, while LigIV uses its tandem BRCT repeats to bind the XRCC4 coiled-coil. Yet, the assembled PNKP-XRCC4-LigIV complex remains uncharacterized. Here, we report purification and characterization of a recombinant PNKP-XRCC4-LigIV complex. We show that the stable binding of PNKP in this complex requires XRCC4 phosphorylation and that only one PNKP protomer binds per XRCC4 dimer. Small angle X-ray scattering (SAXS) reveals a flexible multistate complex that suggests that both the PNKP FHA and catalytic domains contact the XRCC4 coiled-coil and LigIV BRCT repeats. Hydrogen-deuterium exchange indicates protection of a surface on the PNKP phosphatase domain that may contact XRCC4-LigIV. A mutation on this surface (E326K) causes the hereditary neuro-developmental disorder, MCSZ. This mutation impairs PNKP recruitment to damaged DNA in human cells and provides a possible disease mechanism. Together, this work unveils multipoint contacts between PNKP and XRCC4-LigIV that regulate PNKP recruitment and activity within NHEJ.
INTRODUCTION
DNA double strand breaks (DSBs) are among the most deleterious DNA lesions. In mammalian cells, the major pathway for the repair of DSBs in both cycling and non-cycling cells is non-homologous end joining (NHEJ) (1, 2) . NHEJ is active in both G1 and G2 stages of the cell cycle. In contrast, the alternate DSB repair pathway homologous recombination repair (HRR) is active only in S and G2 cells when a replicated and undamaged sister chromatid is available as a template for repair. Thus, non-cycling cells and cells in the G1 phase of the cell cycle rely on NHEJ, sometimes called classical-NHEJ (c-NHEJ) or an alternative-NHEJ pathway (Alt-NHEJ). Classical NHEJ uses a network of proteins that recognize the break, tether the damaged ends, interrogate the chemical structure of the ends for further processing, and finally ligate the DNA. The broken DNA ends are first recognized and bound by the Ku70-Ku80 heterodimer, which recruits additional proteins including the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), XRCC4-like factor (XLF) and the XRCC4-DNA ligase IV complex. XRCC4 plays a central scaffolding role in NHEJ and interacts not only with DNA LigIV but also with XLF to form filamentous structures that bind and organize the DNA near the DSB (3, 4) . Moreover, XRCC4 interacts with several DNA end-processing enzymes including polynucleotide kinase/phosphatase (PNKP), aprataxin (APTX) and APTX, and/or PNKP-related protein (APLF), discussed below. Additional factors such as the Werner's syndrome helicase (5) , DNA polymerase X family members (6) and paralog of XRCC4 and XLF (PAXX) (7, 8) are likely also involved in NHEJ but their functions are less clear.
LigIV, like all DNA ligases, requires 5 -phosphate and 3 -hydroxyl strand termini for ligation. Yet, many forms of damage, such as those resulting from ionizing radiation and reactive oxygen species, yield non-ligatable ends such as 3 -phosphate, 3 -phosphoglycolate and, more rarely, 5 -hydroxyl termini (9) (10) (11) (12) . Furthermore, abortive ligation can result in the release of a ligation intermediate containing a 5 -adenylate group (13) . To complete ligation, these non-ligatable or 'dirty' ends must be processed by DNA processing factors that are specifically recruited to XRCC4. XRCC4 is phosphorylated by the acidophilic kinase CK2 at a conserved set of Ser/Thr residues immediately C-terminal to the N-terminal structured region. This phosphorylated region specifically binds three related proteins that play important roles in NHEJ and DNA end processing: PNKP, APTX, and APLF (14) (15) (16) (17) (18) (19) . PNKP is a bi-functional 3 DNA phosphatase/5 DNA kinase and processes 5 -hydroxyl and 3 -phosphate termini to the ligatable 5 -phosphate/3 -hydroxyl ends (20) . APTX specifically recognizes and hydrolyzes 5 -adenylated DNA ends for subsequent ligation (21) . APLF interacts directly with Ku80 (5, 22) , binds poly(ADP)-ribosylated proteins near the lesion (23, 24) , and has also been reported to have nuclease activity that may play a role in limited processing of the DNA ends (17, 25) . The phosphorylation-dependent recruitment of each factor to XRCC4 relies on a conserved forkhead-associated (FHA) domain in each protein that binds and recognizes the multiply phosphorylated XRCC4 C-terminus (14, 26, 27) . Interestingly, a conserved CK2 phosphorylation sequence is also found in the single strand break scaffold protein, XRCC1, and this region has been shown to be responsible for the recruitment of PNKP, APTX and APLF to the sites of single strand break repair (15) (16) (17) (18) (19) (28) (29) (30) .
PNKP is critical for strand break repair in both nuclear and mitochondrial DNA (20, 31, 32) . Knockdown of PNKP in human cells leads to dramatically elevated sensitivities to a range of genotoxic agents and marked elevation in the rates of spontaneous mutation (33) , and inhibitors of PNKP also sensitize human cells to DNA damaging agents (34) (35) (36) . This suggests that inhibition of PNKP could potentiate tumor cell killing by DNA targeting therapies. Structural investigations show PNKP consists of a catalytic domain with separate phosphatase and kinase sub-domains joined by a flexible linker to a regulatory FHA domain (27) . The phosphatase and kinase active sites are positioned on the same side of the catalytic domain and can potentially interact with a single substrate (27) . Structural studies of PNKP-substrate complexes together with binding and activity assays indicate PNKP can efficiently bind and process DNA double strand break ends, as well as nicked and gapped DNAs, expected in diverse strand break repair pathways (27, (37) (38) (39) (40) . The phosphatase active site cleft is deep and narrow and can only bind single-stranded DNA termini. PNKP-substrate binding may drive limited DNA base pair destabilization to allow the unwinding and active site engagement of 3 termini within double-stranded DNAs (39) . These collective observations suggest that complexes between PNKP and its partners in DNA repair pathways may have multiple functional consequences including specificity and efficiency for end processing.
End processing factors such as PNKP present a dilemma for DNA repair since the unprotected DNA ends produced by the reaction are potentially as dangerous to the cell as the unprocessed substrates. Such DNA repair factors may in fact remain bound to the product until the product can be passed to the next enzyme in the repair pathway (41) . Indeed, PNKP does show appreciable affinity for its products and exhibits only very low rates of product turnover (42) . The ordered transfer of DNA end repair intermediates between different DNA repair enzymes may be mediated by the XRCC1 and XRCC4 scaffolding proteins and therefore play a more complex role in repair than the simple recruitment of repair proteins. Interestingly, both XRCC1 and XRCC4 stimulate the kinase and phosphatase activities of PNKP (28, 43, 44) . While there is some evidence that XRCC1 may enhance the affinity of PNKP for its DNA substrates (45) , other studies have instead suggested that the major effect of XRCC1 and XRCC4 may be on substrate turnover (46) (47) (48) . The observed effects of XRCC1/4 on PNKP catalytic activity are in accord with a more complex interaction of the scaffolding protein with PNKP. Indeed, in vitro both XRCC1 and XRCC4 weakly interact with PNKP in the absence of phosphorylation, likely involving the PNKP catalytic domain (46) (47) (48) . This interaction could explain the finding that XRCC1 and XRCC4 can both enhance PNKP catalytic activities in the absence of CK2 phosphorylation (43, 44) .
To resolve interactions important to function and regulation of the PNKP-XRCC4-LigIV repair complex beyond the PNKP FHA-XRCC4 phosphopeptide interaction, we developed a system to purify a stoichiometrically defined complex of PNKP bound to CK2-phosphorylated XRCC4 together with the tandem BRCT domains of LigIV. Assessment of the structure and dynamics of the purified complex using small angle X-ray scattering (SAXS) suggests flexible tethering of PNKP to XRCC4 via the FHA-phosphopeptide interaction. However, this analysis also indicates that the complex adopts compact conformations that imply dynamic interactions between the PNKP catalytic domain and the N-terminal structured region of XRCC4 and/or the LigIV BRCT domain. Hydrogendeuterium mass spectrometry (HX-MS) reveals that this additional interaction likely involves a surface of the PNKP phosphatase domain whose mutation (E326K) is associated with a severe form of the neuro-developmental disorder termed MCSZ, which is characterized by microcephaly, infant onset seizures and developmental delay (49) . We show that the E326K mutation in human cells reduces PNKP recruitment to sites of UV laser-induced DNA damage and its interaction with XRCC4. We propose that dynamic interactions between PNKP and XRCC4-LigIV modulate PNKP catalytic function in the context of XRCC4, and may be critical to stabilize PNKP within functioning DNA repair foci.
MATERIALS AND METHODS

In vitro phosphorylation of XRCC4 by CK2␣
XRCC4 was phosphorylated in vitro as part of the XRCC4/LigIV heterodimer with purified GST-CK2␣. The phosphorylation reaction was carried out in 50 mM Tris pH 7.5, 150 mM NaCl, 10 mM MgCl 2 and 1 mM DTT 1× activity buffer for 20 min at 30
• C with ATP and GST-CK2␣ at 30× and 0.05× final XRCC4 concentration, respectively. Maximal phosphorylation of XRCC4 by GST-CK2␣ was suggested by a complete band shift of XRCC4 in Phos-Tag SDS-PAGE assays (Wako Pure Chemical Industries, Ltd) and saturated 32 P-incorporation into XRCC4 despite an increase in GST-CK2␣ concentration or increased time of CK2␣ phosphorylation reaction (Supplementary Figure S1A and Figure S1B) . Phosphorylation of both S232 and T233 in the XRCC4/LigIV heterodimer was also confirmed by LC-MS/MS as part of HX-MS experiments (not shown).
Multi-angle laser light scattering (MALLS)
Central peak fractions from the final pXRCC4/LigIV/PNKP purification step were used for molecular weight determination by inline size-exclusion chromatography-multi-angle laser light scattering (SEC-MALLS). 100-l samples were loaded at ∼5 mg/ml onto the SEC-MALLS and Buffer U (150 mM KCl, 20 mM Tris pH 8.0, 1 mM EDTA and 1 mM DTT) was used for elution and for differential refractometry. Peak fractions were collected, visualized by SDS-PAGE, and data was analyzed with ASTRA V software (Wyatt Technology). BSA in Buffer U was used to normalize the MALLS detector. Experiments were performed at 25
• C on an FPLC-managed Superose 6 10/300 size exclusion chromatography column (GE Healthcare), coupled to a Wyatt DAWN EOS light scattering detector, Optilab ® rEX Refractive Index Detector, QELS (Quasi Elastic Light Scattering), UV detector (Wyatt Technology) and fraction collector. In each reaction 1 l of (phosphorylated/nonphosphorylated) XRCC4-LigIV (20 M), 1 l of PNKP in storage buffer (150 mM KCl, 10 mM Tris pH 7.5, 1 mM DTT), 1 l of poly(dI-dC) (1 mg/ml), 5 l of EMSA binding buffer (storage buffer + 1 mM MgSO 4 , 10% glycerol) and 1 l of H 2 O were mixed and pre-incubated together for 5 min. At the final step, the FAM-labeled DNA substrate was added to the reaction mixture. After 10 minutes of additional incubation time, 2 l of 4× EMSA loading dye (40% glycerol, 240 mM Tris-HCl pH 7.5 and 4 mg/ml bromophenol blue) was added to the reaction mixture and loaded on a pre-run 6% native polyacrylamide gel (19:1 acrylamide/bisacrylamide). Electrophoresis was carried out at 100 V for 55 min at 4
• C. Free and bound DNA substrates were visualized by Typhoon™ phosphoimager.
Hydrogen-deuterium exchange mass spectrometry (HX-MS)
Peptide-level HX-MS data were measured for full-length free hPNKP and hPNKP in the ternary complex with pXRCC4/LigIV. Briefly, the two protein states were deuterated at 20
• C in Buffer U, using 50% D 2 O and the continuous labeling method (50, 51) Samples were quenched at various time-points using cold glycine-HCl (100 mM, pH 2.5) to arrest exchange, and then digested using purified nepenthes digestive fluid (10
• C for 2 min). The resulting digests were processed using a research-grade HX-MS 2 platform, consisting of a temperature-controlled autosampler and chilled chamber for reversed phase chromatography (HDX PAL, Leap Technologies), an LC system (nanoLC Ultra, Sciex) and a QqTOF mass spectrometer (TripleTOF 5600, Sciex). Using non-deuterated controls, hPNKP peptides were fragmented by recursive data-dependent MS/MS acquisition, and identified using Mascot 2.3 (Matrix Science). The resulting feature lists (peptide sequence, retention time and m/z) were used to extract mass shifts (in the form of average deuterium incorporation, D) from peptides arising from the actual deuteration experiments. Data extraction was conducted with Mass Spec Studio (52) , and summarized in a Woods plot. It was determined that hPNKP was labeled extensively after 5 min of deuteration, therefore the comparative analysis of bound and free forms was conducted at this time-point. Binding-induced alterations of deuteration (Delta value, expressed as percent of maximum deuteration) were deemed significant if they passed a two-tailed t test based on quadruplicate analyses of free and bound states (P < 0.05), and if Delta values exceed a threshold mass shift value (±2 SD of the shift noise). Peptide isotopomer envelopes were also required to pass a distribution analysis to guard against spectral overlap. PNKP peptides with significant Delta values upon binding pXRCC4/LigIV were mapped onto the homologous residues of the mouse PNKP crystal structure.
Please see Supplementary Materials for additional detailed Materials and Methods.
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RESULTS
Assembly and characterization of PNKP-pXRCC4-LigIV complexes
Previous work suggested that stable association of PNKP with XRCC4 relied on phosphorylation of XRCC4 Ser232/Thr233 by CK2 (14) . To prepare complexes of full-length PNKP with phosphorylated XRCC4, we phosphorylated a C-terminal truncation mutant of XRCC4 corresponding to residues 1-238 (Supplementary Figure  S1 ). This fragment contains the structured N-terminal domain of XRCC4, as well as the minimal portion of the C-terminal tail of XRCC4 that is phosphorylated by CK2 and is required for binding PNKP ( Figure 1A ). XRCC4 was co-purified with a fragment of LigIV corresponding to the tandem BRCT domains (residues 654-911). The XRCC4-LigIV complex purified as a single peak on gel filtration chromatography ( Figure 1B ), unlike the XRCC4 fragment alone which eluted as multiple peaks. This is consistent with previous results that showed that XRCC4 can adopt a number of oligomeric forms but that interaction with the LigIV BRCT domain stabilizes the XRCC4 dimer (53) . The XRCC4-LigIV complex was then phosphorylated using purified recombinant CK2 and purified by gel filtration chromatography. One mole equivalent of PNKP was added and the mixture was separated by gel filtration chromatography. The results revealed that addition of PNKP resulted in the formation of a single peak containing PNKP, XRCC4 and LigIV. In contrast, mixtures containing PNKP and the non-phosphorylated XRCC4-LigIV complex did not associate within a single peak, indicating that phosphorylation of XRCC4 is required to form a complex with PNKP that is stable in gel filtration chromatography ( Figure 1A-C) . To define the stoichiometry of the PNKP-pXRCC4-LigIV complex, we subjected this complex to gel filtration chromatography with in-line multi-angle laser light scattering (MALLS), which can reveal the molecular mass of complexes independent of shape. The results of this experiment gave a mass of 143 ± 4 kDa consistent with the formation of 1:2:1 PNKP:pXRCC4:LigIV complex (theoretical mass: 141 kDa; Figure 1D ).
To further probe the stoichiometry of binding, we next titrated increasing concentrations of PNKP against pXRCC4-LigIV and monitored complex formation by gel filtration chromatography ( Figure 1E ). At one mole PNKP per mole pXRCC4-LigIV (i.e. 1 PNKP:2 pXRCC4:1 LigIV), we observed the expected peak corresponding to the PNKP-pXRCC4-LigIV complex (green trace). As the amount of PNKP was increased to two (orange), four (cyan) or eight (blue) moles of PNKP per mole pXRCC4-LigIV, the height and position of the PNKP-pXRCC4-LigIV peak remained unchanged, while the free PNKP peak increased in height. This result suggested that even under these conditions of excess PNKP, additional PNKP molecules are not loaded onto the 1:2:1 PNKP-pXRCC4-LigIV complex. This experiment taken together with the MALLS experiment demonstrates that a single PNKP protomer binds the heterotrimeric pXRCC4-LigIV complex with high affinity. These findings suggest that only one of the two phosphorylated tails of the XRCC4 dimer is utilized for high affinity interactions with PNKP.
Phosphorylated XRCC4-LigIV binds PNKP-DNA complexes
To assess whether interactions between PNKP and DNA substrates are affected by XRCC4-LigIV, we used an electrophoretic mobility shift assay (EMSA, Figure 2) . These experiments employed a murine PNKP harbouring a mutation in the key catalytic Asp170 in the phosphatase active site (mPNKP D170A ). We previously showed that this mutant binds with high affinity to 3 -phosphorylated DNA substrates (39) . We titrated this mutant protein against DNAs containing a single 3 -phosphate terminus in three different contexts: a single stranded DNA, a blunt, double-stranded end, and a 5 overhanging double-stranded end. In control experiments in the absence of added XRCC4-LigIV, the mPNKP D170A bound to the DNA to result in lower mobility species in EMSA. The single-stranded DNA yielded a single shifted species consistent with binding of the PNKP to the 3 -phosphate DNA end. The double stranded DNAs yielded two shifted species, one with a high apparent affinity, likely due to binding of the 3 -phosphate, and a second, lower affinity and lower mobility species, likely corresponding to non-specific binding of PNKP to other regions of the DNA. Addition of non-phosphorylated XRCC4-LigIV to these binding reactions did not result in the appearance of new shifted species or in a change in the apparent affinity of PNKP for the DNA substrate, suggesting that XRCC4-LigIV does not interact with PNKP or the DNA under these conditions. However, addition of phosphorylated XRCC4-LigIV to either of the titrations of the double-stranded substrates resulted in the shifting of the PNKP-DNA complexes to a lower mobility species migrating very close to the well. This low mobility species was not observed with the single-stranded DNA, however addition of the pXRCC4-LigIV did result in a loss in intensity of the PNKP-DNA species. It is possible that in this case, pXRCC4-LigIV can bind the PNKP-ssDNA complex, but that the resulting complex does not enter the gel due to the reduced negative charge of the complex compared to those formed with the dsDNA substrates. These results imply that XRCC4-LigIV binds to PNKP in a phosphorylationdependent manner, and that these interactions do not significantly modulate the affinity of PNKP for its DNA substrates.
Solution scattering shows dynamic interactions of PNKP catalytic domain with XRCC4-LigIV
We used small angle X-ray scattering (SAXS) to gain insight into the structure and dynamics of the PNKP-pXRCC4-LigIV complex in solution (54). Previously we had used similar methods to probe the interactions of PNKP with DNA substrates of the kinase domain (38) , interactions of XRCC4 with XLF and the LigIV BRCT domain (3, 55) , as well as the full length complex XRCC4-LigIV (56) .
SAXS measurements were carried out on a PNKPpXRCC4-LigIV complex that was freshly purified by gel filtration chromatography immediately prior to data collection. Guinier plots of pXRCC4-LigIV with and without bound PNKP showed unbiased residuals indicating a lack of aggregation in the samples (Supplementary Figure S2) . Molecular mass of the complex was determined from the SAXS data using the Q R parameter as previously described (57) . Scattering data from the XRCC4-LigIV complex (Figure 3A) gave a molecular mass of 83 kD using the reciprocal space approach, and 77 kD using a real space approach, similar to the theoretical mass of 84.5 kD. Scattering data for the PNKP-pXRCC4-LigIV complex gave a molecular mass of 160 kD using the reciprocal space approach, and 140 kD using the real space approach. These data are consistent with the 1:2:1 PNKP:pXRCC4:LigIV stoichiometry (theoretical mass: 141.6 kD) and our MALLS analysis (Figure 1D) . Kratky plots for both complexes failed to reach a baseline plateau at higher-q indicating the presence of conformational flexibility rather than a rigid, globular domain (Supplementary Figure S3) . Conformational flexibility was further corroborated with the presence of an asymptopic plateau for higher-q data after the Guinier region in a q 3 .I(q) versus q 3 plot, indicating partially-folded particles (58) (Supplementary Figure S4) .
We used the molecular dynamics based conformational sampling as implemented in BILBOMD (59) along with the ensemble optimization methods in GAJOE (60) to model the population of conformations adopted by the PNKPpXRCC4-LigIV complex. BILBOMD was used to generate a library of conformers representing the conformational space for the pXRCC4-LigIV-PNKP ternary complex. Existing crystal structures for mouse PNKP, pXRCC4-LigIV and mouse PNKP-FHA bound to cognate human XRCC4 phosphopeptide linked by flexible polypeptide tethers were used to generate model libraries sampling complexes containing either one or two PNKP protomers bound per pXRCC4-LigIV (Materials and Methods). GAJOE uses a genetic algorithm to search a library of possible conformers to find ensembles of conformations whose combined theoretical scattering intensities have a best fit to the experimental SAXS data. Despite the asymmetry in the pXRCC4-LigIV crystal structure, ensembles from pools containing single PNKP complexes on chain A or chain B showed similar fits of 2 1.6 and 1.8 respectively. In contrast, the ensemble derived from the pool containing complex models with two PNKP molecules produced a poorer fit to the data with a 2 of 8.7. Combining both single-PNKP model sets produced an ensemble fit similar to the individual sets at 2 of 1.7. Adding the doubly-bound PNKP models to this combined pool produced no improvement in fit of the ensemble to the data, although conformations where both PNKP molecules are bound to pXRCC4-LigIV contributed to the final ensemble at around 20%. The theoretical scattering and fit to experimental data for both the pXRCC4-LigIV and PNKP-pXRCC4-LigIV ensembles are shown in Figure 3A , B. Representative models from the best pXRCC4/LigIV/PNKP ensemble are shown in Figure 3D . The radius of gyration (R G ) frequency distributions averaged from multiple runs of the genetic algorithm show a clear bimodal distribution relative to the pool ( Figure 3C ), suggesting a mixture of compact and elongated conformations in solution. Inspection of the models from the elongated group revealed structures in which the PNKP FHA and catalytic domain extend away from XRCC4-LigIV ( Figure 3D ).
In contrast, the compact group contains models where PNKP catalytic and FHA domains are folded back and in contact with the XRCC4 structured domain and/or the LigIV BRCTs. Comparison of the R G distribution of the selected structures with that of the model set reveals that while the extended selected group is near the center of the R G distribution of the entire model set, the compact selected group is at the small end of the R G distribution range. Together, this analysis suggests that while the PNKP-XRCC4-LigIV complex is flexible and samples dynamic extended conformations, it also samples compact conformations more frequently than would be expected based on MD simulation. Analysis of the compact states suggest that they may be stabilized by interactions between PNKP and the structured N-terminal domain of XRCC4 and/or the BRCT domain of LigIV in addition to the interaction of the phosphorylated C-terminal tail of XRCC4 and the PNKP FHA domain.
HX-MS suggests interactions between PNKP catalytic domain and XRCC4-LigIV
While the SAXS study suggested an interaction between PNKP and XRCC4-LigIV beyond the FHAphosphopeptide interaction, the modest resolution of SAXS precluded an unambiguous identification of specific contact surfaces. We used HX-MS to detect changes in the deuteration profile of PNKP and XRCC4-LigIV upon complex formation. We were specifically interested in peptide regions with decreased hydrogen-deuterium exchange behavior that might represent interaction surfaces. When attempting controlled proteolysis of the pXRCCLigIV-PNKP complex for HX-MS we were unable to generate usable fragments from either XRCC4 or LigIV and analysis was limited to PNKP. We detected several discrete fragments from PNKP that were protected against exchange when in the ternary complex. As expected from the mPNKP FHA-cognate XRCC4 phosphopeptide crystal structure (27) , multiple peptides from the PNKP FHA domain, and particularly the loops that form the XRCC4 phosphopeptide binding surface, were the most strongly protected in the complex (Figure 4) . The only other significant region of protection was a set of overlapping peptides in the phosphatase domain between residues 313 and 327 (Delta values between ∼-3 and -2). These peptides correspond to the ␣6-␤14-␣7 region near the C-terminus of the phosphatase domain, which is exposed on a surface of the domain distant from the catalytic site ( Figure 4C ). Interestingly, each of these peptides contains Glu326. Glu326 mutation to Lys (E326K) has previously been associated with MCSZ (49) . We propose that the compact conformation of the PNKP-pXRCC4-LigIV complex implicates an interaction of the Glu326 surface with XRCC4-LigIV and that mutation of Glu326 may disrupt this interaction and explain the molecular basis for MCSZ.
E326K mutation does not disrupt interactions with XRCC4-LigIV
We used gel filtration chromatography to test if the E326K mutation impacts the ability of PNKP to form complexes with XRCC4-LigIV ( Figure 5 ). Recombinant PNKP E326K was expressed and purified in similar yield to the WT, suggesting that this mutation does not result in a gross misfolding of the protein, consistent with previous findings (61) . Addition of one mole equivalent of PNKP to one mole equivalent of phosphorylated XRCC4-LigIV yielded a complex that ran as a single peak on gel filtration chromatography with the same elution volume as the WT control. Mixtures of the E326K mutant with nonphosphorylated XRCC4-LigIV did not form a single peak. These results suggest that like the WT protein, PNKP E326K is capable of forming a stable phosphorylationdependent 1:2:1 complex with pXRCC4-LigIV.
E326K mutation modulates the effect of pXRCC4-LigIV on PNKP kinase activity
Previous work had suggested that interactions between XRCC4 and PNKP regulate PNKP kinase activity (48) . These results suggested that phosphorylated XRCC4 inhibits PNKP kinase activity, while the non-phosphorylated XRCC4 enhanced product turnover. The XRCC4-LigIV complex, however displayed a different behavior in that both the phosphorylated and non-phosphorylated forms appeared to enhance PNKP kinase product turnover. To test the effects of our XRCC4-LigIV complex on PNKP ki- Figure 5 . PNKP E326K is competent to bind pXRCC4-LigIV. One mole equivalent PNKP (wt or E326K) was mixed with one mole equivalent of XRCC4-LigIV complex (+/-phosphorylation) and separated by Superdex 200 analytical gel filtration chromatography as in Figure 1B. nase activity, and to assess the effects of the PNKP E326K mutation, we measured ATP to ADP conversion using a coupled pyruvate kinase/lactate dehydrogenase ATPase assay (see Supplementary Materials).
Unlike the previous work, this assay allowed the quantitation of the kinetic parameters of the kinase reaction. The results show that the K M is not significantly affected by complex formation with either non-phosphorylated or phosphorylated XRCC4-LigIV suggesting that substrate binding by wild type PNKP is not impacted by XRCC4-LigIV (Table 1) . Substrate turnover as assessed by k cat was enhanced by XRCC4-LigIV, most significantly for pXRCC4-LigIV. Overall, these results resemble previous qualitative studies, however, the magnitudes of the effects are more subtle than anticipated by prior work. We compared these measurements on WT PNKP to measurements obtained for PNKP E326K. The E326K mutant showed a slightly reduced k cat compared to WT, and a similar K M , suggesting similar substrate binding affinity but reduced product turnover. The effect of XRCC4-LigIV complex on the k cat of the mutant was less significant than the WT, suggesting that the mutation may reduce the ability of XRCC4-LigIV to effect product turnover. In contrast, pXRCC4-LigIV significantly increased the K M of PNKP E326K, suggesting that the interaction of pXRCC4-LigIV reduces the binding of substrate by the mutant. Taken together, pXRCC4/LigIV enhances the catalytic efficiency (k cat /K M ) of WT PNKP, while pXRCC4/LigIV actually impairs the catalytic efficiency of the E326K mutant. While these results are subtle, taken together they suggest that the E326K mutation interferes with both substrate binding and product turnover in the context of pXRCC4-LigIV.
PNKP Glu326 and FHA domain act in PNKP recruitment to sites of damage
To determine the effects of the E326K mutation on PNKP function in vivo, U2OS cells were transiently transfected with EGFP-PNKP and the kinetics of recruitment to sites of DNA damage in vivo examined using UV laser microirradiation. Briefly, GFP-PNKP transfected cells were grown on coverslips then pre-sensitized with BrdU. DNA damage was introduced using a 355 nm CryLas FTSS355-50 UVLaser PALM MicroBeam system as described previously (62) . Localization of GFP-PNKP to sites of DNA damage was determined at 30-s intervals for a 20-min time period in 30 cells for each time point. Relative fluorescence intensity was determined by subtracting the background fluorescence from the fluorescence intensity at the GFP-PNKP track for each cell as described in Supplementary Materials (62) . Wild-type PNKP was rapidly recruited to sites of damage, reaching maximum intensity within 3 minutes and remaining at ∼70% maximum intensity over a 20-min period ( Figure 6 ). We confirmed the importance of the FHA-group in recruitment to sites of DNA damage using PNKP in which R35 in the FHA domain had been ablated (EGFP-PNKP-R35A) (14) . In agreement with a previous study in MEFs (63), mutation of the FHA domain virtually abolished PNKP recruitment to DNA damage sites. We next transfected cells with EGFP-PNKP-E326K. Significantly, recruitment of GFP-PNKP-E326K to laser tracks was <50% of that of GFP-PNKP-wt, indicating that Glu326 plays an important role in recruitment of PNKP to sites of DNA damage in vivo ( Figure 6 ).
To determine whether GFP-PNKP-E326K was able to interact with XRCC4, U2OS cells were transiently transfected with GFP-PNKP-wt, GFP-PNKP-R35A or GFP-PNKP-E326K and cell extracts were made from either unirradiated cells or after irradiation at 10 Gy (Figure 7 ). GFP-PNKP was immunoprecipitated and immunoprecipitates were probed for GFP (PNKP) and XRCC4. 50 g of total cell extract was run on the same gels (inputs, Figure  7 ). The amount of PNKP immunoprecipitated from cells expressing PNKP-E326K was slightly reduced (compared to that in cells expressing wild type-PNKP) in both the presence and absence of DNA damage (compare lanes 1 and 2 to lanes 5 and 6). Similarly, less XRCC4 immunoprecipitated with GFP-PNKP-E326K in unirradiated cell (compared to GFP-PNKP wt) but after DNA damage, the amount of XRCC4 interacting with GFP-PNKP-E326K decreased significantly ( Figure 7, lane 6) . Together, these data suggest that PNKP-E326K is defective in its ability to be recruited to sites of DNA damage, possibly though decreased interaction with XRCC4 after DNA damage.
DISCUSSION
PNKP is among the most well-studied of the DNA end processing factors, but defining its interactions with the core NHEJ complex has been challenging. Yet, these protein partner interactions are fundamental to insights into efficient and specific DNA end recognition and processing for ligation. Such end processing is under selective pressure to avoid releasing mutagenic intermediates that could cause genome instability. Here, we find that PNKP forms a flexible, phosphorylation-dependent complex with XRCC4 and the BRCT repeat region of DNA ligase IV. Integration of the data indicates that there are complex interactions between PNKP and XRCC4-LigIV in addition to that between the PNKP FHA domain and the phosphorylated Cterminal tail of XRCC4. Modeling the available conformational states based on our SAXS data indicates that the complex adopts discrete compact conformations in which the PNKP catalytic and FHA domains pack against the Table 1 . Impact of XRCC4-LigIV on PNKP kinase activity coiled-coil of XRCC4 and the LigIV BRCT repeats. These solution conformations suggest that while the complex is anchored by the FHA-phosphopeptide interaction, added weak modular interactions among other surfaces may impact the population of compact conformations. Further evidence for these interactions comes from HX-MS experiments, which reveal significant protection of a peptide on the surface of the PNKP phosphatase domain when in complex with XRCC4-LigIV. Thus, combined SAXS and HX-MS results suggest weak additional interactions that involve, at least in part, interactions of the protected PNKP peptide with XRCC4-LigIV. These results support and extend previous work analyzing interactions of PNKP with isolated XRCC4 (48) . Using a fluorescently-tagged PNKP mutant, we showed binding of PNKP to both phosphorylated and non-phosphorylated XRCC4, although binding to pXRCC4 was tighter than to non-phosphorylated XRCC4 (48) . However, using either gel filtration chromatography or EMSA, we do not see evidence for an interaction in the absence of phosphorylation, suggesting that for the XRCC4-LigIV complex, binding of PNKP to the non-phosphorylated complex is very weak. Our previous work also suggested that XRCC4 could stimulate PNKP catalytic activity by enhancing substrate turnover. Using our quantitative assay of PNKP kinase activity, we find that the enhancement of PNKP k cat is modest. Our analysis of the effects of XRCC4-LigIV on PNKP substrate interactions indicates that while PNKP-DNA complexes are capable of binding pXRCC4-LigIV, DNA binding affinity is not significantly impacted by this interaction. We therefore believe that the role of pXRCC4-LigIV in the regulation of PNKP may involve other mechanisms besides the simple enhancement of product turnover.
In the context of NHEJ, XRCC4 is thought to be a central scaffold that coordinates handoff of DNA repair intermediates between various DNA repair enzymes. The CK2-phosphorylated tail of XRCC4 governs the interactions with PNKP, APTX and APLF through their structurallyrelated FHA domains. XRCC4 also interacts with XLF to form DNA-binding filaments that have been suggested to mediate synapsis of the damaged DNA ends (3, 56, (64) (65) (66) (67) . APLF may also play a scaffolding role, utilizing its poly(ADP)-ribose binding PDZ domain (68, 69) and its Ku80 binding motif (22, 70) to potentially link chromatin and other key components of NHEJ to XRCC4 (71) . Further complicating this picture is the recent finding that interactions with Ku may also be facilitated by K63-linked poly-ubiquitylation of XRCC4 (72) . The idea of a coordinated handoff between these enzymes is an attractive one that can explain how the potentially toxic intermediates can be protected until repair is finalized (41) .
The 1:2 PNKP:XRCC4 stoichiometry within the PNKPpXRCC4-LigIV complex suggests that PNKP only binds one of the phosphorylated XRCC4 C-terminal tails and opens the possibility for simultaneous binding of either APLF or APTX to the other XRCC4 C-terminal tail. Weak interactions between the PNKP catalytic domain and XRCC4-LigIV, like those in the proposed PNKP Glu326 region, also seem suitable to position PNKP to gain access to DNA within the XRCC4-XLF filament. These secondary interactions could regulate and facilitate the ordered sampling of the DNA termini by the tethered catalytic domains of PNKP, APTX and LigIV.
Furthermore, PNKP not only participates in NHEJ, but is also important for single-strand break repair (SSBR) in the base excision repair (BER) pathway. It is especially prominent in repair involving the NEIL class of DNA glycosylases (70) . Analogous to XRCC4 in NHEJ, BER and SSBR in general is coordinated by XRCC1. Like XRCC4, XRCC1 is also phosphorylated by CK2 at multiple sites that are targets for PNKP binding (28) (29) (30) . While XRCC1 bears no structural similarity to XRCC4, it does contain BRCT domains which may play a role in poly(ADP)-ribose binding at sites of damage (73) as well as other domains that may be important in stabilizing PNKP binding (45, 46) . It is then possible that the Glu326 region also plays a role in recruitment of PNKP to single strand break lesions and that the E326K mutation disrupts directed PNKP activity in BER and SSBR.
Clinically, our results may help to explain the severe phenotype associated with the E326K mutation in MCSZ (49) . The severity of the mutant phenotype has been puzzling since the mutation itself does not dramatically destabilize the folding of PNKP and does not significantly reduce PNKP catalytic efficiency in assays with purified recombinant protein (Table 1 and (61)). Moreover, we find that the purified E326K mutant is competent to form the 1:2:1 PNKP:pXRCC4:LigIV complex ( Figure 5 ). In contrast to this in vitro data, cells isolated from E326K MCSZ patients show extremely low levels of PNKP (49, 61) . Lower levels of PNKP-E326K were also observed after transient transfection (Figure 7 ), but PNKP-E326K still interacted with XRCC4 in unirradiated cells although the amount decreased after DNA damage. Similarly, less GFP-PNKP E326K was recruited to sites of DNA damage in laser micro-irradiation experiments ( Figure 6 ). We therefore suggest that at least part of the defect associated with this mutation may be to destabilize the interaction of PNKP with its partner proteins specifically under conditions of DNA damage. The dissociation of the PNKP E326K variant from Nucleic Acids Research, 2017, Vol. 45, No. 10 6249 DNA repair complexes might result in its degradation and loss in MCSZ patient cells.
